Abstract-EuroCirCol is a conceptual design study for a post-LHC research infrastructure based on an energy-frontier 100 TeV circular hadron collider. In the frame of the high field accelerator magnet design work package of this study, three different layouts for double-aperture dipole magnets made of Nb 3 Sn conductors and providing a field of 16 T in a 50-mm aperture are being considered: block-coils, common-coils, and cosine-theta. All options are being explored and will be compared based on the same assumptions, in particular with regards to conductor performance, operating temperature and margin. This paper details the blockoption presently under development at CEA. After an exploratory phase of various block-coils possibilities (cable dimensions, number of layers, cable grading) the design converged to a four layer magnet. An internal grading-two different geometries of cables are used in the coil-driven by a conductor saving is required. An electromagnetic analysis of the magnet cross-section in a 2-in-1 configuration is performed, coupled to a protection investigation. Preliminary results of a mechanical study on a bladder-and-key single aperture magnet are also reported.
I. INTRODUCTION
T HE H2020 funded EuroCirCol project is a conceptual design study for a post-LHC research infrastructure based on an energy-frontier 100 TeV circular hadron collider [1] . The high-field accelerator magnet design work package (WP5) aims at i) exploring various design options for an accelerator dipole magnet in the range of 16 T, ii) producing an engineering design for the most promising options covering all electromagnetics, mechanical, thermal and operation aspects, including the manufacturing folder of a short model, iii) developing a calibrated cost model for system optimization studies [2] . The WP5 of the EuroCirCol (ECC) project is strongly coupled with the 16 T Magnets Technology Program for Future Circular Collider (FCC) established at CERN [3] - [4] . This paper will be dedicated to the exploration of one of the magnet design layouts covered in the WP5: the block coil option. Both cos-theta and common coil layouts are also investigated under the same assumptions [5] - [6] . The baseline parameters, before and after the external review performed in May 2016 - Harmonic b2 (@ I n o m ) ࣘ20 ࣘ20 10
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reported in Table I -are similar for all the WP5 magnets for fair comparison.
The electromagnetic design described in Section II had been performed in a 2-in-1 configuration, as expected for FCC dipoles, whereas the mechanical analysis, has been carried out in a single aperture configuration, see Section III. This choice anticipates the manufacturing of a short demonstrator with less complexity as a first development step towards 16 T double aperture magnets in upcoming collaborations.
II. 2D ELECTROMAGNETIC DESIGN

A. Nb 3 Sn Performance and Cable Geometry
The critical current density J c of the Nb 3 Sn conductor, expected to be produced by 2025, is expressed by means of the below set of equations and plotted in Fig. 1 computed from the analysis of measurements on the conductor. The cabling degradation is assumed to be 3%. Because the cost of a 100 TeV machine is driven by the amount of conductor [2] , a large effort was given to reduce it. This led to the use of two different Nb 3 Sn cable geometries for High Field and Low Field regions (HF cable and LF cable, see Table II ). Basically such an internal grading reduces the amount of conductor by about a factor 2 compared to a design with only one cable, grading and splicing will be investigated in the 16 T Magnets Technology Program at Cern [4] . In a block coil, the grading ratio is directly given by the ratio of the strand diameters 1.1/0.7 = 1.57 (see Table II ). Increasing this ratio allows for decreasing the coil size (less conductor) up to a certain value where the copper current density, in the event of a quench in the LF cable, would become too high and lead to a hotspot temperature higher than the 350 K limit. Adding copper to the LF cable would decrease its loadline margin. The HF/LF cable interface would therefore have to be pushed further from the aperture leading either to a decrease (better efficiency grading) or to an increase (lower efficiency grading) of the whole quantity of conductor. We found that a grading value around 1.6 allows for the minimum quantity of conductor and a safe operation of the magnet. Another solution to decrease the hotspot temperature in the LF cable would be to reduce the cnc ratio in the HF cable -already at its lower baseline limit of 0.8 -to better balance the hotspot temperatures of each coil blocks.
B. Magnet Cross-section
Many block coil configurations with 2, 3 and 4 double pancakes per aperture have been explored so far. Based on our current baseline parameters it turned out that the best compromise in terms of quantity of conductor and stress distribution is a 4 double pancakes configuration. The whole cross-section with its 400 mm radius yoke is shown in Fig. 3 . Contrary to the cos-theta layout and its arch type configuration, coils of a block structure need to be internally supported. Here, a 6.3 mm thick bore tip is used to withstand the forces (see section 3). This leads to a physical aperture of 62.6 mm instead of 50 mm in a cos-theta magnet. In Table III the main parameters of the actual design are reported. The total amount of conductor is about 8650 tons which is 20% lower than the quantity required with the previous baseline parameters before the May 2016 review (see Table I and Fig. 2 for comparison between present and previous baseline cross-sections -same scale). This is mainly due to the lowering of the loadline margin from 18% to 14% coupled to the decrease of the cnc ratio from 1.0 to 0.8. The current magnet cross-section meets the requirements of the baseline in terms of field quality (see Fig. 4 ), protection T hotspot < 350 K (see [7] ), operating loadline margin and cable dimensions. For the protection, a time of 40 ms is chosen between quench and total resistive coil transition [7] .
C. Considerations on Nb-Ti Additional Grading
The present magnet cross-section is only made of Nb 3 Sn conductor. Some of those conductors are in a very low field region and could be theoretically replaced by Nb-Ti conductors. As a first approximation it was decided to use the same cable geometry as the LF Nb 3 Sn cable and the same cnc ratio for the Nb-Ti Rutherford cable. The critical current is similar to the LHC magnet one: Jc(9 T, 1.9 K) = 2260 A/mm 2 . Depending on the allowable loadline margin in the Nb-Ti conductor, the amount of Nb-Ti in the coil can vary from 13% to 30%: for example with a 33% loaldline margin in the Nb-Ti conductor almost 2000 tons out of 8650 tons can be in Nb-Ti, representing about 23% of the total conductor amount (see Fig. 5 ). It is worth noticing that if Nb-Ti and Nb 3 Sn conductors are impregnated together for mechanical and practical reasons, there would be no more helium paths to the Nb-Ti conductor and it would drastically reduce its enthalpy margin by more than an order of magnitude. In this case, the Nb-Ti loadline margin would have to be chosen with great care.
III. 2D MECHANICAL DESIGN
A. Bladder and Key Structure Description
The mechanical analysis of the WP5 ECC block coil magnet is performed in a single aperture configuration (see Fig. 6 ). The outer diameter of the iron yoke is reduced by the 250 mm of the inter-beam distance (800 mm − 250 mm = 550 mm, see Table I ). In order to avoid too high peak stress at room temperature on the fragile Nb 3 Sn coil, a bladder and key structure is used. Refined by S. Caspi, the method was derived from a structure with bladders filled with Wood's metal initially developed by C. Taylor [8] . Such technology has already been proven on block coils built at Lawrence Berkeley National Laboratory [9] , [10] . Currently, a Nb 3 Sn block coil dipole, named FRESCA2, using the same technology is being manufactured at CERN and CEA [11] - [13] .
Under operation, large bursting forces of 8.5 MN/m per quadrant (see Table III ) want to detach the coils from the pole. This can lead to some training issue of the magnet. Therefore, in order to keep a good contact between the coil and the pole with tension of the order of 20 MPa maximum [14] , a preloading of the coil is necessary. This preloading is provided by bladder inflation and kept by key insertion at room temperature (see Fig. 6 ). Then, the cool-down of the whole structure increases the preloading due to the larger shrinkage of the outer aluminum shell with respect to the inner structure. It is worth noticing that the coils are wound around a Ti6Al4V pole with a very low thermal shrinkage coefficient which coils can thus lean on.
B. Step by Step Loading
For each loading step: key insertion, cool-down and powering at 105% of the nominal (16.8 T central field) the vertical (y-axis), horizontal (x-axis) and von Mises stresses in the Nb 3 Sn coils are reported in Table IV . It is worth noticing that the horizontal stress is 7 MPa to 15 MPa higher than the von Mises stress. Figs 7 to-10 provide the horizontal stress distributions and shows that the peak stress is of the order of 210 MPa and 195 MPa at cold and under operation at 105% of the nominal, respectively. At warm, there is a 35 MPa margin that will be used to ensure clearance for key insertion during bladder inflation. Indeed, the bladders need to open a 50 to 100 μm extra gap compare to the nominal size of the keys to allow their insertion, therefore generating an overstress in the coils.
The peak von Mises (vM) stress of the Ti6Al4V pole is 340 MPa at warm and 670 MPa at cold, within the stress limit for this material. The 85 mm thick AL7075 shell exhibits a peak vM stress at warm of 108 MPa and 216 MPa at cold -same order as the highest principal stress -and within the limits of this material. In the iron yoke, the peak vM stress at warm is 195 MPa in the corner of the yoke to be compared to the 180 MPa limit. At cold, the iron brittleness leads to a stringent baseline tensile stress limitation of 200 MPa even though values up to 280 MPa can be found in the literature [15] . With a maximal principal stress of 176 MPa our design is within the limit.
IV. CONCLUSION
An investigation about the use of a block coil configuration for a 16 T accelerator dipole has been started in the framework of the WP5 of the EuroCirCol project. Internal grading of the coils is mandatory to reduce the amount of conductor. So far, the total amount of Nb 3 Sn conductor would be ∼8650 tons for a machine made of 4578 14.3-meter-long dipoles. With a second grading step, ∼2000 tons could potentially be replaced by Nb-Ti. The actual magnet configuration meets all the electromagnetic requirements. Nevertheless, a deeper analysis is needed to address all challenging mechanical requirements and must be pursued in 3D to properly analyze end effects and axial loading. In parallel, a 2-in-1 configuration is under mechanical finite element analysis.
